Single and double polarization observables for kaon photoproduction on the deuteron are studied theoretically with modern hyperon-nucleon forces. The kinematical region of the kaon scattered forward with large momentum is thoroughly investigated where either the quasifree scattering leading to the kaon and hyperon or the final-state interaction between hyperon and nucleon are expected.
I. INTRODUCTION
The hyperon-nucleon (Y N) interaction has played a key role in hypernuclear physics.
It is known as the basic force which binds Λ and Σ hyperons in hypernuclei. Even in a conventional nuclear system, understanding of the Y N interaction is indisputably important if one introduces the strangeness degrees of freedom in the nucleon-nucleon (NN) interaction, in order to extend the baryon-baryon interaction to a more unified picture demanded by SU(3) symmetry. Another motivation of performing experiments on the deuteron is due to the lack of the neutron target. Experiments for kaon photoproduction on the proton have just been finished in ELSA, JLab, and SPRING8, resulting in a large number of unprecedented precise data that certainly need more sophisticated analyses. However, previous studies [2, 3] had indicated that neutron channels can provide a more stringent constraint to elementary models that can successfully explain the process on the proton. Thus, kaon photoproduction on the deuteron can serve as a means for testing the available elementary models. To this end, a simple calculation has proven that in most kinematic situations the elementary cross section on the neutron can be reliably extracted from the deuteron cross section [4] . A related experiment has recently been done at LNS-Tohoku by measuring the K 0 Y N final states cross section and the collected data are being analyzed [5] .
In the previous paper [6] , we have investigated the inclusive K + and exclusive K + Y photoproduction on the deuteron by using modern hyperon-nucleon forces and a certain kaon photoproduction operator. Sizable effects of the hyperon-nucleon final state interaction were found near the ΛN and ΣN thresholds in the inclusive reaction. Angular distributions for the exclusive process showed clear Y N final state interaction effects in certain kinematic regions. We pointed out that precise data especially for the inclusive process around the ΣN threshold would help to clarify the strength and property of the ΛN-ΣN interaction.
We notice that a fairly elaborate calculation focusing on rescattering contributions to the kaon photoproduction on the deuteron has recently appeared [7] . In order to emphasize the influence of rescattering terms in the differential cross sections, the calculation, however, has been performed in a certain kinematics where final state interactions among the hyperons and the nucleon have negligible effects. A more detailed calculation, which includes the Y N and KN rescattering terms, as well as a two-body photoproduction contribution in terms of a pion mediated process γd → πNN → KY N, has also been performed [8] . It is found that the latter gives the dominant contribution beyond the impulse approximation for backward kaon angles. In the forward directions (θ K 30
• ) the effects turn out to be small.
In this paper we theoretically examine in detail a number of polarization observables that are immediately accessible experimentally due to the high intensity continuous wave electron beams available nowadays at JLab, ELSA, GRAAL, and SPRING8, and due to the hyperon recoil polarization, which can be directly obtained from the hyperon decay. This work is also greatly motivated by the Hall A and Hall B data recently taken which are currently being analyzed [9, 10] .
For the convenience of the reader we briefly describe the latest update of the elementary photoproduction operator in Sec. II. Section III describes the evaluation of the nuclear matrix element and the definition of various polarization observables. Our numerical results for the various Y N forces are extensively given in Sec. IV and we give the conclusion in Sec. V.
II. THE ELEMENTARY PRODUCTION OPERATOR
Models for kaon photoproduction on the nucleon have been proliferating rapidly in recent years, due mostly to the continuously improving data base from experimental facilities like ELSA, GRAAL, and Jlab. Most of these descriptions employ an effective Lagrangian approach at tree level [3, 11, 12, 13] where the results from coupled-channel calculations [14] are taken into account. While the details of the model ingredients vary in the different studies, all models provide a good parameterization of the elementary kaon photoproduction data and are thus adequate for use in the nuclear environment.
Recently, we note that two new versions of data have just been published by the SAPHIR and the CLAS collaborations [15, 16] . Unfortunately, as reported in Ref. [16] , the CLAS data show substantial and systematic discrepancies with the SAPHIR ones. Thus, as a consequence, an attempt to fit the model to both data simultaneously would be meaningless.
While waiting for a new method to reconcile this problem, and for the sake of comparison,
we will in this study use the same operator [17] we have used in our previous paper [6] . The operator consists of gauge-invariant background and resonances terms. The background terms include the standard s-, u-, and t-channel contributions along with a contact term required to restore gauge invariance after hadronic form factors have been introduced. The resonance part consists of three nucleon resonances that have been found in the coupledchannels approach to decay into the KΛ channel, the S 11 (1650), P 11 (1710), and P 13 (1720).
For the KΣ production operator further contributions from the S 31 (1900) and P 31 (1910) ∆-resonances were added. In addition, we added the D 13 (1900) state [11] found to be important in the description of SAPHIR data [15, 18] .
In order to implement the operator in a nuclear matrix element, we rewrite the amplitude in an arbitrary frame
with m N and m Y are the nucleon and hyperon masses, E N and E Y their energies, p γ , p N and p Y the photon, nucleon and hyperon momenta and ǫ the photon polarization. The amplitudes F i are given in terms of kinematical quantities and amplitudes A i which are related to the various tree diagrams. The rather lengthy expressions of F i and A i can be found in [19] . The operator can be rewritten in the form of
which is convenient for an application in the deuteron frame. However, in Eq. (2) both spin-non-flip and spin-flip amplitudes L and K depend on the photon polarization ǫ which complicates the calculation on the deuteron. To avoid this, we rewrite Eq. (1) in the form of
Therefore, the elementary operator given by the 4 × 3 matrix in Eq. (3) becomes completely independent from the frame in which ǫ and σ are defined. The expressions for the elements of this matrix read
and
Furthermore, we have
III. CROSS SECTIONS AND POLARIZATION OBSERVABLES
As shown in Ref. [6] , the cross section for the γ
frame is expressed as
where the µ's and ν's denote spin and isospin magnetic quantum numbers and ǫ the photon polarization. The two-baryon final state state Ψ depends on q Y , the (nonrelativistic) relative momentum of the final hyperon and nucleon, while the momentum transfer to the final state is denoted by Q = p γ − p K . The elementary operator t γK (1) contains a label, indicating that it acts only on one of the baryons. The kinematics and the elementary operator are kept in their relativistic form, while nonrelativistic two-baryon wave functions are used.
In Ref.
[6], we calculated cross sections in the total momentum zero frame of the final two baryons. However, the nuclear matrix element in Eq. (11) is not invariant under Lorentz transformations. The reason is the nonrelativistic treatment of the two baryons in the deuteron and the final state. Therefore, in the present paper we calculate all observables in the lab frame (the deuteron rest frame) which corresponds to the experimental situation.
The exclusive cross section is obtained by carrying out the integrations in Eq. (11) in the lab frame, dσ dp
where the relative momentum q Y is determined by the nonrelativistic relation
The calculations of the nuclear matrix element are discussed in detail in Ref. [6] , but Eqs. (3.13), (3.14) and (3.15) therein should be replaced by the expressions in the lab frame,
The inclusive 2 H(γ, K + ) cross section can be obtained by integrating Eq. (12) over Ω Y .
However, this turns out to be inconvenient since the integration limits over Ω Y are complicated and, secondly, the phase space factor appearing in Eq. (12) can become singular. We therefore take as the integration variable the direction of the hyperon momentum p cm Y in the c.m. frame of the final two baryons.
Thus, the inclusive cross section (in the lab frame) is expressed as dσ dp
where
In addition to the inclusive 2 H(γ, K + ) and exclusive 2 H(γ, K + Y ) cross sections, we calculate the hyperon recoil polarization P y , the beam polarization asymmetry Σ and the double polarizations C x , C z which are given by
In the definitions above, M is the
with M ǫ=ǫy as the amplitude where the photon polarization points into the y-axis, ǫ = ǫ y , and so on. The photon polarization
(ǫ x + iǫ y ) describes the helicity state +1.
The beam polarization asymmetry Σ is obtained with linearly polarized photon, while the double polarization observables C x and C z are the hyperon polarization along with circularly polarized photons.
IV. RESULTS AND DISCUSSIONS
As mentioned in Sec. I, the aim of this paper is twofold, i.e., to study the Y N final-state interaction (FSI) effects as well as to extract the information on the elementary amplitude in the region where FSI effects are negligible. For this purpose, we limit the outgoing kaon lab angles to the forward ones less than 20
• because we expect other types of FSI would start to show some effects for larger kaon angles. As a sample, the incoming photon energy of 1.3 GeV is chosen throughout this paper. We analyze observables for two Y N forces,
i.e., NSC89 [20] and NSC97f [21] , both of which give the correct hypertriton binding energy [22] . The NSC89 interaction is a soft-core one-boson-exchange model based on Regge-pole theory, and a straightforward extension of the NN model through the application of SU(3).
The NSC97f model is an improvement of NSC89. Reference [21] gives the six models from The deuteron wave function is generated by the Nijmegen93 potential [25] . Some figures and discussions for the inclusive observables are similar to those which are already given in the previous paper [6] , but we include them for the convenience of the readers. Notice that we present all observables in the deuteron rest frame as mentioned in Sec. III, which differs from the former paper. dσ / (dp the deuteron sits as a spectator and has zero momentum. In Fig. 2 , the inclusive cross sections are compared with the result obtained by using the plane wave impulse approximation (PWIA) and the result generated by the other Y N interaction NSC89. The two peaks are dominated by the PWIA contribution but some FSI effects can be seen especially around p K = 810 MeV/c, about which we will also discuss in the next subsection. In Fig. 2 we also see the FSI effects around the ΛN and the ΣN thresholds. Around the ΣN threshold, the NSC97f result shows a prominent cusp-like structure, whereas the NSC89 one displays only a little deviation from the PWIA result. This fact can be traced back to the location of the S-matrix pole for the ΛN-ΣN system around the ΣN threshold, the full detail of which has been discussed in Refs. [6] and [26] . The structure produced by NSC97f with different ΛN-ΣN partial wave contributions is enlarged in Fig. 3 . The line indicated by J max = 0 incorporates the 1 S 0 and 3 P 0 components and J max = 1 includes all the partial waves up to J = 1. It shows that the J = 1 state is responsible for this structure, which is consistent with the known fact that the S-matrix pole mentioned above exists in the 3 S 1 -3 D 1 state.
In Fig. 4 , the inclusive cross sections for three different kaon lab angles, i.e., θ K = 1 • , 10 dσ / (dp dσ / (dp dσ / (dp There are many ways to present exclusive observables including the polarization ones.
Here, we show five observables, i.e., differential cross section dσ/dp K dΩ K dΩ Y , hyperon polarization P y , double polarizations C z and C x , and the beam polarization asymmetry Σ, as a function of the hyperon angle for fixed kaon momentum and kaon angle. As kaon momenta, contribute. In the double polarization C z , 1 S 0 shows a visible effect but the inclusion of the 3 S 1 cancels it and shifts it on the same line as PWIA. Please note, for the sake of better visibility of the effects we change the scales in various panels in Fig. 7 and the following ones. Figure 8 shows the results for p K = 944 MeV/c which is close to one of the peak positions in Fig. 2 (inclusive cross section) . The FSI effects for NSC97f and NSC89 are compared with PWIA. In the forward peak of the differential cross sections, PWIA dominates up to
• which forms the dominant part of the Λ QFS peak in Fig. 2. (To be precise, the QFS condition corresponds to θ K = 1.6
• and θ 
Differential cross section and polarization observables P y , C z , C x and Σ for the We also show the results for p K =870 MeV/c but for a larger kaon angle θ K = 17 • in Fig. 11 . This case is rather far from the ΣN threshold, and shows the forward-peak cross sections, but prominent FSI effects are still seen in P y above θ In Fig. 16 , the three-dimensional plots of the five observables as functions of kaon lab dσ / (dp K dΩ K momentum p k and angle θ K are given for the 2 H(γ, K + Λ)n as an example. The hyperon lab angle is fixed at the forward angle θ ′ Y = 5
• . As in the inclusive case (Fig. 5) we give the information on the θ K dependence of the observables over the range of θ K less than 30
• .
Before closing this section, we would like to discuss the influence from other rescattering processes which are not included in the present analysis. As mentioned in Sec. I, Refs. [7] and [8] have evaluated some of those rescattering contributions. The former incorporates several two-body kaon production mechanisms, and the latter includes the pion mediated dσ / (dp K dΩ K process γd → πNN → KY N in addition to the Y N and KN rescattering. In considering the effects of these rescattering processes, we stress that the present analysis focuses on a restricted kinematical region where the kaon is scattered forward with large momentum and small relative energy is distributed between the hyperon and the nucleon.
In In contrast to this, Ref. [7] supposes a large relative energy between Y and N in the dσ / (dp K dΩ K final state, for example, Fig. 7 of Ref. [7] shows the case of E γ = 1500 MeV, θ K = 15
• , and energies in the present work are at least 10 times smaller than in Ref. [7] .
Reference [8] focuses on the effects of the pion mediated process, giving the total cross sections and the semi-inclusive results where the contributions from various p K are integrated. Recently, the same method has been applied in Ref. [28] to the exclusive cross sections for just the same final states as in Fig. 9 (p K =870 MeV/c), as well as Figs. 14 dσ / (dp K dΩ K dσ / (dp K dΩ K FIG. 16: Three-dimensional plots of exclusive observables dσ/dp K dΩ K dΩ Λ , P y , Σ, C x and C z . 
